TECHNICAL MEMORANDUMS 
ITATIOEAL ADVISORY COMMITTEE FOR ABROHAUTI CS 




ITo, 741 



T3B-CALCULATI01I OF LATERAL STABILITY TTITH FREE COHTRO&S 

By Gotthold Methiafl 



ZeitBchrift fur Flugtechnik xmd Uotorlnf t echi-f f ahrt 
' , VoLv 23, Wob. 7- A 8, April 14, and 28,-1932 
Terlag von R, Olden "bourg, MUnc'nen -and Berlin 



■FILE COPY /.$././. 2- 



; - Te be returned H> Oil') 
X th efll B »jfthe L angley J /. 



Memerlal Aerontutical 
— ■ ■ ' ■ Labway. 



Washington 
April 1934 




3 1176 01437 3972 



NAT 10 HAL ADVISORY COMMITTEE EOR AERONAUTICS 



TECHNICAL MEMORANDUM NO. 741 



THE CALCULATION OP LATERAL STABILITY WITH ERBE CONTROLS* 

By Gotthold Mathias 

SUMMARY 



Every report on disturbed lateral motion published 
heretofore in German aa well as In foreign technical lit-* 
erature, stresses the mathematical treatment of the whole 
asymmetric motion processes, inclusive of the control ef- 
fects. The practical requirements for the airplane de- 
signer are in most instances only Bjpeari^wascawceUy touched 
upon without any further details. 

The increased safety requirements, particularly for 
commercial airplanes, made it seem necessary to give the 
airplane manufacturer In simple language an explanation 
of the theory and of the ensuing structural requirements. 

The applications to modern airplane designs necessi- 
tated a corresponding modification of several of the old 
theorems. This applies particularly to the Introduction 
of the constant "fuselage proportion" in the directional 
stability (c mBQ ) , to the constant "wing proportion" in 

damping in yaw (cl ) , and to the constant roll stablli- 

B o 

ty quota for the complete wing without dihedral (cl ) . 

«lo 

On the other hand, a detailed discussion of the effect of 
forward vertical tail surfaces could be omitted in this 
connection. 



TMth the revised equilibrium formulas, the most im- 
portant phase of lateral motion, i.e., the lateral stabili- 
ty, could then be treated. The formal derivation of the sta- 



** B Di~e""Selt enstabilltat dee ungesteuerten Normalfluges und 
ihre technlechen Vorbedingungen. " Z.7.M., April 14, 1932, 
pp. 193-199; and April 28, 1932, pp. 224-232. 
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bility conditions' offers nothing fundamentally new, hut 
contrary to Fuchs and Hopf (reference 6), we retained the 
effect of Jthe path Inclination up to the formation of the 
sta'b^lity "equation's "in the' development.. 

The complete discussion of the general motion follow- 
ing a disturbance could be omitted as it is not of great 
significance so far as the airplane manufacturer 1b con- 
cerned. As to the factory "test pilot, his primary Inter- 
est lies with the most Important sign of instability: the 
spiral curve with increasing curvature. Other signs of 
intfu^l'ci-e'nt dynamic stability hitherto less noticed be- 
raue*e -r^Ws'|>f r^equedt and .omitted by Fuchs and Hopf, are the 
u^^bfe'oeC'il'l-a^t i'ons ," simultaneous rotary oscillations of 
afff platfe ■ in yaw and: 'teoll , and center-of-gravity oscil- 
lations aTbout -^the direction of the main path. ThlB form 
of 'me'tion is a reflult of Insufficient directional stabili- 
ty and cen become the more evident as the roll stability .. 
is higher. The separate determlnat ion .of directional and 
roll stability is — aside from the difficulty of conclu- 
sive proof In flight - no satisfactory characteristic for 
lateral stability. Oh the dontrary, it must be complement- 
ed by observation of the notion .process following a lateral 
disturbance with free or neutrally fixed controls. The 
lateral stability may be considered as proved when, fol- 
lowing a disturbance, the airplane tends to reestablish 
its initial condition of equilibrium aperiodlcally with de- 
creasing path curvature. - 

The discussion of the structural methods for obtain- 
ing lateral stability discloses the remarkable influence 
of the constant fuselage. and wing proportions- to the yaw- 
ihg moments. For the effectiveness of modifications in 
vertical tail surfaces and tail length these quotas - 
little observed heretofore, in -this connection - are de- 
cisive. ThlB also applies to the amount of dihedral of 
the wing with regard to the roll stability of the complete 
wing already, existing without angle of dihedral* 

■ p .. . - - 

Because of. the constant moment quotas, markedly small-* 
er dihedral_ angl'e'a are more nearly always sufficient than 
Heiaaner's well-known old approximation formula (reference 
2) led ■o'nV-'W Anticipate. - The data for it-s-namount can ;-bie 
■obtained -'from 1 the- -e'valuat-ett '6-component ' measurements in ■ 
the wind tumie*!-'.-^ ■ . . •-, > ■ 



The structural means which foster lateral stability 
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.are: positive roll stability (dihedral or. sweepback) and 
'tfajaAla.st possible, rolling, moment a in yaw (appropriate plan 
^cfrte' or twist of wing); then, Strongest possible damping 

yaw (long tail, large fin and rudder) and moderate' rel- 
ative directional stability (attainable even with good ab- 
solute directional stability through Inherently unstable 
^iSlage with large f.in and rudder). 

. „" The advantage of lateral stability for control of the 
airplane cannot be Judged from the point of view that' the 
laterally stable airplane is perhaps able to maintain of 
it's' own accord a once-existent course direction, just- as 
little as a fore-and-aft .stable airplane is expected to 
kVep flight altitude of it&elf. Course direction and 
flight altitude are purely .navigat ion concepts which cannot 
have any direct bearing on the airplane which follows the 
aerodynamic and mass-mechanical laws. Besides, it is im- 
material whether the steady equilibrium condition 1b a 
straight or a flat, curved path; in pitching, for instance, 
the equilibrium condition may equally be with level or in- 
clined flight path. Asymmetries in equilibrium condition 
can be modified with the ailerons and the vertical fin as ■ 
readily as nose or tall heaviness can be corrected by de- 
flecting the stabilizer. Then, too, the effects of engine 
torque and propeller slipstream or the stoppage of a wing 
(outboard) engine of multi-engine airplane's occur as sym- 
metry Interferences in the lateral motion,' and as load 
distribution changes in another corresponding manner in 
the longitudinal motion. 

The value of the lateral as of the longitudinal sta- 
bility lies in the fact that flight attitude - o : nae ob- 
tained with the customary auxiliary means (fin adjustment, 
control balancing, etc.) - is- automatically maintained'-, 
without action of the pilot and automatically reestablished 
after every disturbance. The type of initial equilibrium 
condition -is of no moment; all flight attitudes occurring, 
within range of moderate disturbances of symmetry, t symmet- 
rical straight flight included, must be uninterruptedly 
Btable. In this case, maintaining the course anjd. .altitude 
is also markedly -easier for the pilot, although ine'ver to' 
the extent of making special Instruments altogether super- 
fluous . ■ . 

■-' 'i r. . • : 

It is not the function of automatic control- , devices 
to substitute for insufficient Inherent stability of the 
airplane' but rather to aid the existent inherent stability 
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:-r : :'jf« .-55' jn ^j^,- . • \ .. , 1 ■ 

■-by .conJjr.gt'..mbyeijienta » Eea&y.'and' quiet ' Operation- is contin- 
gent ^upQn..ine Ipremiee that ^" this p^rtineht .control settings ; "" 
-tend.-; $.o~re,turn ^tiie.. airpiane. ordinarily toward steady equi- 
-l^br^um popdii ions.. against".' the direction, of 1 the' disturbing 
motdqn.i. -^.Sut Ath-is^. jcon^ijbi.on Is met only with inherent air- 
plane stability ' and' isV.lt s characterlst ici ' . 

•-■J!'- Coa.trolla.bi^lty. and stability are closely related; 
^oth. ar^ Usually ' ljaterwoVen in' the theoretical treatment, 
especially in the subject. of lateral motion: - But from the 
point. of view of the practical flyer, it seems more useful 
to elucidate the stability relations before attacking the 
problem of controllability, The investigations available 
thus far justify this order of sequence insofar as they 
have, proved the favorable effect of the stability on the 
controllability . Tor this reason it may not be amiss to 
include hereinafter (as references) a list of the. reports 
on Lateral Stability. (See page 43.) 



I.. IHTBODUCTIOH 



The consistent growth of German commercial aviation 
supplied the necessary impetus for greater attention to 
flight performance from the point of view of safety. Be- 
ginning with the range of longitudinal motion,' it was 
found that ample longitudinal stability is today a gener- 
ally admitted requisite safety measure. But a definitely 
satisfactory lateral stability is still in its stages of 
development, although Its theoretical aspect has been 
known for nearly twenty years. Admittedly, the combina- 
tion of stability in yaw and roll obtaining with lateral 
stability presents an obstacle for the airplane designer 
which does not exist with longitudinal stability in this 
form. 

Little importance attaches to lateral stability so 
long as the pilot can visibly perceive any change in air- 
plane attitude with respect to the natural horizon. The 
growth of a disturbing motion accompanying the usually 
small lateral instability is so alow that minor control 
movements, sometimes almost subconsciously, suffice to re- 
establish the steady equilibrium attitude. But in "blind 
flying",-, the i pilot doeji hot Jbeco'ipii' cons'cious of changes in 
bank and rate of yaw' except'$y ( reading 'the turn- indicator. 
The previously tactually executed corrections then become 
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intentional 'maneuvers * In the laterally- unstable airplane 
'';^^MtoUtd^^adl44kta.i;-\,heeomeB > an- instrument- for "balancing" 
the diBtuThahceB of an^nnata-hle flight attitude, whereas 
• "Its f a ilura " TBinoYe b anjjr ,: TeliablV- assurance for the avoid- 
ance and timely*' icoTre'ctlt>n' 6f^ dangerous attitudes'* . It is 
"/•"hare that- the^'la-6 feral BtablliVy cah^coritrlbute to a" per*- 
°'ceptible relief" of-'the'^ilbt'' -by; automatically removing' ■ 
'small distujrb'anceB. .' Tny impb'rtance- o'f ; the - turn indicator 
and' the banking' level'' for; the lateral control is her*' lim- 
ited - similarly' to that ' of the dynamic pressure recorder 
and. the pitching indicator - to. th'a control of the longi- 
^'tudinally stable" airplanai'- " *tn b'oth cases the Instruments 
reveal primarily ""the - k'ind r- of •momentarily' 'existing condi'-*' 
"tion of equilibrium; minor 'deviations from the original 
attitude may disappear again 1 without; action on the part of 
the pilot. The a I'm" -of 1 'the'- development' must be to enable" 
an airplane to maintain" It s 4 -attitude" of equilibrium' more-i 
evenly by means of its inherent stability than afforded by 
control movements. 

The reports published heretofore on lateral stability 
stress the mathematical aspect and the whole course of mo- 
tion, as a result ' of -' which- the airplane manufacturer is 
forced to cr it ioally- 4 analyse- almost ' the entire material' be- 
fore he can hope to obtain' any data- which may be of use. to 
him. This Is the -reason' the' available data have not as 
yet become general 'knowledge In professional circles. The 
present report- intends to " separate the technically impbr- 
tant facts fTOm the mathematical theory and to make them 
more easily understood' In a form familiar to the aeronau- 
tical engineer."-"'' 1 

S cope .- The stability in yaw relative to minor dis^ 
turbances of equilibrium attitude can usually be analysed 
as distinct'- -f^rom the motion in roll. This applies in par- 
ticular to level flight and flat turn at medium angleB of 
attack and small angleB of bank and sideslip. The motions 
in turns'^-wlth considerable bank may not be summarily in- 
cluded in such' simple fashion, and they are omitted in this 
report. 

The slope of the flight path to the horizontal plane 
may be iriqluae'd in ' the simplified analysis of yawing mo- 
tion without rendering it substantially more difficult. 
Tills obviates the limitation to level flight which obtains 
in nost' German reportB. 



0 
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e>K.,.ipWhether flying with hands off o»ion..the controls, 
fo'lidwing an outside- disturbance the. a'irplane executes only 
the^free "balancing motion prescribed thy. its inherent sta- 
b-ilivy. With control displacements.- these "balancing, motions 
ale superposed ton the forced transition in the new equi- . 
llbr-iua attitude, which corresponds to ,the new control . set- 
tings; fr jAs ;a i/result the analysis of inherent stability need 
^ftt'>in<si"vid.e-rany detailed discnssion ■ of .tjho related .problems 

-Urf f controllability and may he limited. .to the -free motions 
ftfeftqi- A definite, steady attitude of equilibrium* . .. p. .- ; 
-'i ri"j K ' i, 1 ".'.i ■ ■ , * i 

.. u - The -principal axes of inertia of ■ the airplane are used 
to -denote- the body axes of the coordinate system, to conn 
form : .'With the; 'conventional German system of notation (re£- 

rerenoe 6)-. -.An. exception is the posit ive -sense of direc-i- 
tiQn of the . longitudinal axis which here is chosen as ■ ; 
pointing rearward, as explained elsewhere in the report.-.* 

II. DISTURBANCES 07 LATERAL MOTION 

■■ ■ s - :i •>;.- : ■ 

' Such- .-disturbances are followed hy the change of three 
^quantities, whose initial value is representative of the 
-type -of initial attitude: the rate of sideslip of the plane 
of. .symmetry of the airplane In direction of the pitching 
.-.axis, the rate of rotation about the axis of yaw (rate of 
yaw):, ■ and the rate of rotation about the axis of roll (rate 
o£ roll). Tho most elementary case is perhaps the straight 
flab glide without Bidesllp with almost aero propeller 
thrust. In other normal initial att itudes . the line of ar- 
gument is the same for the disturbing motion, which is 
simply superposed on the initial motion. .. ™ •• 

■The Initial .conditions for straight- steady flight 
without banking and sideslipping is: 

Bate of Bidesllp = 0 for axis of pitching, 
Bate of yaw = 0 for axis of yaw. 

Rate qf roll ■ 0 for axis of roll. 

Assume the source of disturbance is -a sudden, rate of 
sideslip. The effect of the induced air loads rpn ■ the air- 
plane depends./.on the. relation, of <tho rate.-o£ sideslip. J.n 
direction of- axis of pitching to the forward^ speed- In. dit 
rection of tho axis of roll. This . rat io , --whi.eh..,lB .usually 
small in a disturbance without control movement, represents 
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the "angle : o"f" ■ sideslip between the symmetrical plane of the 
airplane and the resultant flight path direction, which 
herewith occurs as real decisive variable in place of the 
rate of side slip* 

■ The 'angle of sideslip causes a croBB-wind force tranB- 
jvers-e'-W'^the flight path as well as rolling and yawing mo- 
tient/s. '-The thus promoted yawing motion of the airplane 
'^h\in' ' engenders further rolling moments as a result of the 
difference in wing-tip speed, and this "change in hanking 
rnfluentfeB/'in- turn the further course 'of sideslipping. ■ 
Consequently, rate 'of sideslip, rat* of yaw, 1 and rate of 
roll are Intimately related In disturbances and may not 
"he analysed separately, nevertheless ;' the first assumes a 
leading role hy virtue of Its dire'Ct " riff ect On the aerody- 
namic ' loads . Any lateral disturbance of any source what- 
soevor, end's in changed angle of sideslip which in turn 
arouses the stabilising moments. 

Yawing -and ro ll ing mom ent s due, to s i desl ip.- The gen- 
eration of restoring moments "following the disturbance of 
equilibrium about one of the airplane axe's, independently 
of the acceleration attitudes in the other course of mo- 
tion, is representative of its static stability. 

Tor the normal (yaw) axis, cause and effect are immedi- 
ately clear: An airplane Is statically stable in yaw when 
the moments of the air loads, due to an.jle of sideslip as 
a result of yawing, tend to return the airplane in the di- 
rection of the air stream. The English call this quality 
"weathercock stability 11 , while in Germany, it is known as 
"directional stability" . This term is permissible when 
bearing in mind that it only pertains to the direotion of 
the plane of symmetry of the airplane relative to the air 
stream but not with respect to its heading relative to the 
horizon.* 



i 

•Having no physical justification, it is misleading to speak 
of restoring yawing moments as being Indicative of direc- 
tional stability. Ho airplane is stable in yaw per se. 
The use of a compass with automatic course control may ef- 
fect a stab.ll,i.zat JLon of the. direction.. This kind ojf. course 
stabilisation represents no airplane characteristic, but 
rathor the transfer of a quality of the auxiliary instru- 
ment t.o the airplane control. 



8r- 
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0f{ .. < , am.oun.1i, ^od direct ,1,0.1 of the yawing moments .are ■ * 
'oo'^^^^^tl^^'^a^'^Sja ^^w^^^^jfa^ela^e., and vertical, 
ta^ii ^ur^c-e* T » ^^4i i^ y ^.^^ Q ^ jf'tp^^.j;'he; r wljajg ..j&r r or 
duces yawing moment a" who' Be magnftnd'e depends" on. i.t fli .plan ., 
form and the dihedral (reference 17)* Th'e component of the 
m f.yL^fi^a^^ i .aqa^x ia.es. ( al.l quotaB .of .th.e -atruc.tural components 
whi'qh Th , y..'the.l'r presence may produce jstVb I'll, z.lng. or. u'nsta- ; . 
Di%^^ag r ' aerodynamic, moment's,, suci^ jajs' ..engine mounts, .wheels, 
f.] J paH> ! s' 1 ,etf}« ; The moments of the .ye'r.t l'c'a.1. cbn^tralL ^n^rfacei, 
In .jt^e sense of . the ensuing stability '.anjal'y.s la, .or ig.iaa.t_e. 
as : 'al"rr:loaS[ .effect on those guide surf ac.es. which, as aero-- 
dy^amtc'|illy. independent 6rdsB-*lnd units',*' extend beyond. r 
the* ( .tbp, tat '.times' al*o "below the. ..bcttbmj. . ad^e --of the. side 
.ace's, *qf .the, '..fusel age.. Airplanes- with .very. 5$.gh rear' .f us e- 
.iftga.Qdg.e ha>a ac^o.prding to ^this .co.nc.ept. in most cases a 
T.erjr..,s'mail tail area, hut at : .the "ajam.ej. t ime-.a more., or .less 
pronounced inherent- stability ' of !the,- fuselage in yaw. 

In modern designs the applied moment of the air loads 
jpjb., the. fuselage, usually lies .ahead of- the c,g* of- the air- 
p % litnje : ,"..isjQ, -that i n .sideslipping the fuselage generally con- 
tr,ihuWa/.an Joins t ah ill zing component, in absolute amount . 
about .equal. "to that of the stabilising .▼ertJLca.l tail .sur- 
faces of conventional -si^jse and arrangement,. The amount 
of directional stability can for that reason become very 
; .sensitive against displacements of. the mass- -center of grav- 
' .ijtjf" in. .longitudinal .direction ot the fuael^ge...- 

/[.",-, ' As 'to .'the longitudinal axis, we cannot, spaak ,-o.f. direct 

s'tajt^ic .st.ahili'ty. except with qualifications. Afteij . ^ ro- 
i tat i'qn.'.bf ' the. airplane about its longitudinal axis (roll), 
I its. plane of.. .symmetry is generally no longer, flight path— 
' wise. The 'deviation is, at small angles,- proportional to 
the angle, .of attack between longitudinal axis i and. flight 
path and the- angle of bank, and for the moments .at the . ... 
"airplane it is equivalent to sideslipping. In the here 
discussed normal-flight attitudes with very small angles 
of attaok between longitudinal axis and flight path this.. ? 
-'-asymmetry can be disregarded against the' actual angle'W of ' 

sideslipping, but at greater angles this omission- is. ap-' 
v parently- no'-longer Justified. ' 

'* , ■/ '-•' ■ -' - 

' Turning the plane of symmetry of the airplane put' 'of '■ 
the' ; "gravlty direction-disturbs the equilibrium 1 "'of the ' J ■' - 
cross-wind forces and promotes sideslipping, through' which 
the restoring rolling moments- may" be aroused.' -These mo- 
ments are typical of static "stability in roll." Their 
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lhceptiott as with the directional stability le contingent 
upon ^the appearance' of an angle of sideslip "between the ' 
plane of symmetry df the airplane 'and the direction of the 
"'flight ^ath; ' ■' ,; 

■ T^he' stabilizing roll ing moments ..are predominantly 
Supplied b/ normaj f drb^a on "a jwing Of appropriate design 
(dihedral", sweepbaok) (reference 1*? \ . The effect of the 
cross-wind for cob applied". above qr below the 'center of 
gravity is relatively . suhof dinate . The'angle cf sweep "back 
being fixed within narrow limits by the conditions of- lon- 
gitudinal :stabilit^ : _and otter/design measures, the dihe- . 
dral'i'Bthe only design quantity which .affords an effec- 
tive influence of the stability in rdll; : Sideslipping on 
a wing with dihedral acts as .an increase in angle of at- 
tack on the advancing half an& a 5 ? a decrease on the folr. 
lowing half wing. The rolling moment due to this asymme- 
try depends upon the aerodynamic qualities of the wing. 
Tor different plan forms it may in first approximation.be 
made proportional to the distance of the geometrical cen- 
ter of gravity of a half wing from the longitudinal .axis 
J.s u )'. , 

This e.g. distance is, for. several simple plan forms, 
as follows: 



Constant chord: 


B u 

b72 


_ 1 _ 

2 


0.50 


Elliptic in chord: 


H 


3TT 


0.42 


Farabolicln chord: 

i 


II 


_ 2 - 
5 


0.40 


Triangular in chord: 


II 


= I « 
3 


0.33 



In practice the value = 0.4 represents approximately 

the usual lower limit. ' 

The concurrent effect of an angle of sideslip on the 
yawing and rolling momenta of an airplane is decisive for 
the entire yawing motion. The stability in yaw - even in 
unaccelerat ed path motion - must be insured not only. through 
the existence of stability in roll and yaw but also through 
their correct mutual accord. 
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Jrn^g f tafl -.moments due . to A aaw .*an d-;T0.11*-:-? fln:u-ndisturbed - lev- 
el oflight .-.-the air .loads '.we Idistri-huted- spanwise. .-Jiny.-. 

aafeyamefeisy at ■ the Inside portion '..of, the -wing.. owing to fuse- 
lage and slipstream effect may he disregarded ."because .their 
static moments about the e.g. of the airplane are small 
comsjare^.vto .the. proportions :-o£ti*he enter wing parts. The 
*t.a1t*ft moment, of -a half .wing depends- on the lift quota per 
unlit length' of Bpan, the llfHfc rdenstty*. This Is contingent 
upottcthe .-locally effective.- circulation strength, that Is, 

itifetf .'jioeally effective angle- of .attachi.i.and the air stream. 

-SQlottity ntogethe» with the corresponding wing chord. The 
n tdfiftl" -:BpanwlBe- llf t density is, as -Jen own, elliptic, al- 
though.- In .pract ice the lift distribution ranges from ree- 
fcangttlasito paraholic. 
- . ■* .1 c- : . ■ . ■ . . ■ ■ ■ ■ 
-.f .-"Yawing- and -rolling is followed hy deflections of the 
LA&t -..density to un symmetrical, forms, that is, spanwise un- 
symaetrical change of air stream velocity and direction. 
TSe;:easu.ing moments .are of fundamental importance ■ for the 
eniire, course of diBturhed motion. 

The moments due to yaw are primarily the result. of 
changed air stream velocity, which increases at the advanc- 
ing..- half and decreases at the following half of the^wing. 
The yawing moment is an effect of the modified tangential 
load distribution and Bets up a damping in yaw, whereas 
the rolling moment due to the changed normal load distrihu- 
tlon has an unstabi.ll zin g effect. 

Both moments are proportional to the rate of yaw, the 
forward speed, the Ting area, and the square of the span. 
They also manifest a marked dependence on the type of the 
original spanwise load distribution. Tuchs and Hopf (ref- 
erence 6) considered only the most elementary limit case of 
roctangular air-load distrihutlon. According to this as- 
sumption, the result In the majority of practical cases Is 
an unduly largo rolling moment (up to 30 percent) because 
of the disregarded lift decrease at the wing tipB. The er- 
ror for the yawing moment is usually. less, .as the propor- 
tion of the induced drag rather reveal's" ri density rise in 
the outer .portions of the span (reference. 19) * The magni- 
tude' pf "both moments depends on the geometrical radius .of 
gyrat ion . .( 1) of the air load distrihutlon.' figures, Tor 
comparison we append several simple llf t . distr ihut'ion.B .for 
a half/wing: '.. 
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'Rectangle: (d72~) * 3 A *'^» a3 f 

Ellipse: T ■ ^ X w 0.31 

'■ ■ ~16." .... 



Semiellipse: * ': :=*r.i.-. - M 0.25 



■ ■■ Parabola: -= ~ « 0.23 

■•. Rectangular wings, with high aspect ratio- show rectan- 
gular aistpihut ion at. small-angles of attack; the. ellipse 
on each half-wing may approximately show a disturbed dis- 
tribution in the center, the semiellipae corresponds to 
the 11 ideal" distribution, whereas parabolic distributions 
oocnr, for example, on extremely tapered or twisted wingB. 
A more detailed invest igatlQn of the tangential load dis- 
tribution 1b, except for tailless airplanes, mostly not 
worth while ^ because in yawing the damping effect of the 
wing recedes, apart from that, relative to the damping in 
yaw on account of fin and rudder. . The premise of uniform 
tangential load density (rectangle) should suffice in prac- 
tically-all cases for a satisfactory estimation. 

- A roll sets up wing moments as a result of the changed 
air-stream direction; the concurrent change in velocity is 
subordinate. The modified angle of attack for .the indi- 
vidual wing parts follows from the vector sum of the pe- 
ripheral speeds about the longitudinal axis of the air- 
plane with the forward speed. The rolling moment effects 
a damping in. roll; at the same time the unsymmetry of the 
tangential forces causes an additive yawing moment during 
the ..roll. ■ 

■ These two moments are proportional to the .rate of roll, 
.the forward speed, the wing area, and. the square of the 

span*, in addition to the plan form and the aerodynamic 
^.chajrapt eristics of the wing. Here also Fuche and Eopf (ref- 
erence 6). -.give only the most elementary - limit case of span- 
. wise uniform., increase of .air-rload coefficient s for the unit 
change of ai-r^-stream j-directlpn; . The -omission >pf; : the- bound- 
ary effect, particularly for the rolling moment, again re- 
sults in misleading figures (as much as 20 percent too high). 
Data for an approximate calculation of damping in roll with 
certain wing forms and elliptic lift distribution may be 
found in U.A.C.A. Technical Report Ho. 200 (reference 18), 
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and DVL report ( reference .22) . As to the. yawing moment, 
the error should' perhaps W less significant. The possibll- 
ities of the initial tangential load distribution and its " 
change with the, angle o.f air flow are so difficult to. sur- 
vey, that the estimation of a mean rise of tangential load 
for the whole span is almost imperative. Since this has a 
positive sign at. smal'l lift figures .hut- generally a nega- 
tive sign at medium and large lift" figures ,' "the yawing mo- 
ment acts in normal flight attitudes mostly toward a for- 
ward rotation .of . the. half wing receding in the motion of 
roll. In any case it is always relatively small compared 
to the other yawing moments due to yaw, ao that a small 
.percentage -error- In eBtijnation should hay no appreciable 
ef^ecit .on the. .results. - i .•■■it-.-- 

,. ■ With, .ailerons released the wing moments* are dependent 
on the. momentary angles, of. deflection wh^ch -the- .ailerons 
assume during", the motions. As the woi^ht mompnt-B are to 
'balance, -w.i thin the aileron control and the control friction 
is to. be; negligible, the, sum p.f ? the aerodynamic moments at 
both.'aiijer-an0 must become zero,. . Apart from the elevator 
setting ±,he ailer-on moments a.re ; dependent on:, prof ile form, 
plan, .-form, and .dihedral of wing; .plan; form, - balance> and 
differentiation of ailerons;.- -eagle of ; attack, sideslip, 
rate of yaw, and rate of roll at. the pertinent moment, of 
the whole flight motion. 

■ ■ ■ . 

- Al-1 these quantities are mutually and In part very 
closely -related, which renders linear or other elementary 
analytical formulas inapplicable. ?or this reason, the in- 
clusion of free ailerons in the equilibrium equations for 
lateral motion (yaw) must be omittod. 

. .- ■ . 

- The equilibrium equations of yaw , a )- ■■•gr.o s s^wrind . 
for ces.- Supposing that for any reason of disturbance the 
airplane, flying level, assumes a dissymmetric motion, its 
initial amount being denoted by a bank v+r..: with respect to 
the horizon, and a sideslip T relative - to .the- air- flow. 

■ ■■ ■ ■ ■ •„ • ■' ■ % . ■ 

- In a bank the plane of symmetry of the; \«i!rplana- is no 
■longer gravity-wise.,.- with .the result that' the , acceleration 
■on the eg. of the airplane acts with- a- later a fc r.cntnponent 
corresponding -to -sin p,* In an initially/ and .subsequently 
assumed constant slope of the flight path; relet ive> to the 
horison of amount- <p 0 this 'latorai gravity .component, per- 
pendicular to the flight path, amounts. '£<*•, i ;; .v 

- : 2^..=. 0 " COB ft ■ r -■' '*■■-"■ " 
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or for a gentle bank, 

= a cob (ft, |JL (5) 

The angle of sideslip causes side loads on the air- 
plane, the amount of which is contingent upon the sides 
of the fuselage and other similar parts, the wing setting, 
and the area of fin and rudder. However, these side loads 
are not of decisive importance for the total course of the 
ensuing motion;, although they may, at the start of the dis- 
turbance, cause in airplanes with large fuselage sides, as 
favored in modern design practice, play a noticeable role 
for the force equilibrium. Without it, a "sideslip curve" 
with gentle bank is inconceivable. 

In sideslipping with power on, there is an added com- 
ponent of the propeller thrust S,- athwart the flight path 
amounting to 

S sin T m (c w T I v a + G sin <P 0 )t 

The total side load due to sideslipping at moderate side- 
slip angles ' T is 



Zt .+ G sin q> 0 t = 
dc a „ 9c 



(- -*r-*° + as 1 T * + c * 0 1™ + G Bln 90 



(6) 



Owing to the side loads Z^ and Zt due to banking 

and sideslipping, there is a deviation from the hitherto 
'existing flight-path direction. The airplane instead of 
flying- level now, goes into a flat curve, whose radius 
with the time rate of change in route direction (rate of 
turn ljr) and the horizontal component .of the path velocity 
is (v cob cpo). A.a a result, there is a lateral centrifu- 
gal force 



= | V COB (Po J ^70 



at the e.g. of the airplane. 

During the motion of disturbance there are other side 
loads due to the angular velocities about the airplane axes 
(damping loads). The damping loadB due to yaw are negligi- 
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ble relative to the centrifugal f orce. : ---' Thtfse due -ttf 'roIT 
may, with pronounced wing dihedral, reveal mathematically 
(tractable lateral component *V" although with the customary 
dihedral angleB, they are of negligible order of magni- 
tude^. ... • ..<;>:. is. yy.:,\f. i r # fj *■ t S !'■ 

-. (■■' ;5.ow the, e.quilibr,^um.,e.qjjation;a..ojf, th.e cross-wind forces 
.w.ii'th "due allQjMtiice. a_e to: direction are ,-,,<■ \ 

ft.' £ z - = " tgr, + ,fMfo.fl o.* . T .?/--'.iftfc = 0 ■( 8.). 

a ;■ • : / V .7 ■ ' ■ " -■■.'*■■ 

wiherein' the ; individual lea 1 ** waiter wtt-lttten -conformably to" ■'■ 
«(.&).•, (6), and (7). : ';:*:T: .or f -i.f i I * . . ■■ ' ■ 

b) Yawing moments .- Luring an asymmetrical motion of 
• the airplane the angle of- e-idtftflip' causes yawing moments 
.whose direction in a statically unstable airplane tends "to 
an increase, in a statically stable airplane to' a decrease 
of the angle of sideslip. These moments, principally due 
to fuselage and vertical' tail" surfaces, are -typical of the 
directional stability of an airplane; they follow the equa- 

... r— _ to . ■. . .:4i . . i, . 1, . . . . 

V = tci Bo 7 b + T g l B ] I V* t " 1 tlh)" 

The yaw causes damping moments proportionate to the; 
rate of yaw u) y . : The predominant proportion is due. to the 

vertical tail surfaces which during the rotation experi- 

Is toy 

ance a- change -'in air-speed ..direction -amounting to — ^ — . 

Added to- 1 this" is^'the mftthema't iicaily difficult' tractable 
proportion 7 ? of thff'fuselage •side's rotating about the e.g. " of 
the %'lrpI^rieV small for inherently Btable fuselage with- 
hfgh rdaV ed&e, but perhaps worth considering at thre' tail 
end/- The '-w^ing- also contributes its quota; which' with i'nrge 
spatf "o¥ ; WiI?leVe- types may' be effectively noticed.'- The fu- 
selage quota can be simply added to the usually much great- 
er wing quota; both together form a "damping factor": 



fit ^ m (lfMy fuselage 



*r - 

°4. 0 = 2 ct W2/ . . ouk. p 

L HIV _ _ TT 2 
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The .total damping in yaw is expressed- as 

'' ta>y = [cd Bo 2P "b 3 + c n - ?, l B 3 ] | v a) y C9D) 

During- roll the : asymmetrical distribut ion of the span- 
wise . tangent ial loads sets up a further yawing moment which, 
according to a previous section (page 10). makes this "yawing 
monont in roll" tractable to 

^x= °U) ' S i V(0 * (41)) 

The proportion -of- the vertical- tail surfaces may he disre- 
garded, first because it 1b negligible, and second, because 
of the uncertainty of itB air flow as affected by the rota- 
tion of the wing. 

The aerodynamic moments Lf, I<o , must balance 

the mass moments due to yaw. The equilibrium equations 
of the yawing moments then read as 

S 1 = - iy Uy + L W ■+ Lt - L(jJ =0 (10) 



The aerodynamic moments are inserted according to (lb), 
(9b) , and (4b) . ' ; 

c) Boiling moments .- In the presence of static stabil- 
ity, tho sideslip - following a change in bank sets up .a roll- 
ing moment which tends to nullify the produced bank. This 
moment is almost entirely caused by the wing at which with 
.appropriate design th,e angle o.f -sideslip produces asymmet- 
rical changes in lift distribution. This effect of the 
lateral stability 1b expressed with 



K T = 



i 

Cm 



i" 



s. 



1o 



+ 2 



2eT- b72 
T A' 



T b g y» 



(2) 



.. .-The. .yaw sets .aip ..a . rolling, moment as a .result of the 
unequal -speed .-of- th.e two wing halves-. This asymmetry 
tends" .to tip the airplane, toward' .the inside, .'of .the yaw. 
According to a -preceding section (page 10);, it should also 
be possible to promote such an effect, .for th^e .horizontal 
tail surfaces, which because of negative lift would largely 
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.oppose the rolling .moment . of * .the wing* Moreover, a high 
■vertical tail' group could contribute a proportion in the 
Bane direction aa the wings. But the proportions of this 
.ta^l^, group .are-a.©, small compared to the wing moment and 
!WfliijB,v.BO ; uncertain* owing to the effect*.. o-f wing and fu- 
e'eiage ;that . their.. ; inclusion would not he justified. Thus 
the "rolling moment in yaw" may "be accurately enough, ex- 
pressed with 

i : 8 

A roll is further ' opposed hy a damping moment in roll 
which, again is almost exclusively due to the wing. The 
proportion of the horisontal and vertical tail surfaces is 
altogether subordinate, "besides "being difficult to analyze 
mathematically because of its probable effect by the down- 
wash of the rotating wing. 

The 'damping in roll" due to the wing is 

' ' c i B b 3 p 

*U)x TcT 1 « 2 V <** (4a) 

■ • TT A 

The counterpart of these three aerodynamic moments 
k T , ' E^j , and is the acceleration in roll in unsteady 

attitude, and with whose mass effect they must balance. 
Accordingly, the equilibrium equation of the rolling mo- 
ments is 

the aerodynamic moments are inserted according to (2), 
(3b) , and (4a) . 

Mom ent b of the ver t ical tail surf aces wi th f ree rudder 
Thus 'far the equilibrium equations for the side loads and 
the y-awing momenta gave the proport ion of the- vert leal tail 
surfaces in terms-of constant rudder 'setting, that is, 
fixed lateral control. Row, as soon a'Bthis control' is re- 
leased, the rudder tries to bala-ir*e the free moments act- 
ing on it. This case has never been treated in detail in 
previous publications. 
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In sideslipping an aerodynamic moment acts about the 
rudder axis, varying in magnitude according to the degree 
of balance, and which upon release of the lateral control 
displaces the rudder. If this is accompanied by a bank 
\j. and a rate of turn i|r, produces a mass moment of 

the rudder about its hinge. Its amount varies with the 
magnitude of the resultant acceleration and its direction 
relative to the rudder axis (equations (5) and (7). These 
two moments must mutually balance 

Or B *s r | = - Ms r (n - Z ^ L ) °°» <Po (12) 

where M Br is the weight moment exerted by the rudder 
about its axis if placed horizontally . 

The air-flow direction at the vertical tail surfaces 
changes comparatively slowly during a lateral motion of 
disturbance, hence the rudder can adjust itself practically 
without Inertia. The friction in the whole assembly can be 
kept to a minimum. 

At the left side of (12) the coefficient c rB is de- 
pendent on the angle of air flow and the rudder displace- 
ment. According to wind-tunnel tests both can be expressed 
in linear relations 

Or B ■ Cr B (cc B ) cc 8 + ci fl (B B ) p„ 

At the right Bide of (12) the angle" (y. - of ac- 

celeration resultant and rudder axis is obtained from equa- 
tion (8). The side load Zj (according to (8)) is, with 
released rudder, alBO dependent on the rudder setting. But. 
this changeable tail proportion 1b quite insignificant com- 
pared to the other components, bo that its inclusion does 
not seem warranted. Thus we may put 

- (p. - cos <p 0 = l^j- c q (T) T 

at the right Bide of (12), where Cq (t) is the increment 
of the Bide load coefficient with the angle of BideBlip for 
the whole airplane. 
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w ^ L B .= e nfl I B ,1 B £ . . (14); 



,, ; ; 3 JEhe. -total yawing moment of the vertical tail surfaces 

OT Jajs ; ■■ ■ ■ .. • 

... T — HI 1 II, 

& 

'to ./.r - ■■ ■ ■ ■ 

whe-r'V "C)j'_ is again dependent on the angle of air flow.:-. 

and,-- the .-control movement. Both can he expressed in linear 
relation: ■ * 



°n B = ci B (a B ) a B + ci B (p B ) p fl 



Then combining (12) and (14) the angle p B cancels 
out; f The nngle of air flow a B is the sum of the angle-, 
of sideslip T and angle of damping l B w y/v- With the ab- 
breviations 



m Br = 



8 r 



r v t i 
^Br l Br f 

°n B (Pb) ci fl (a B ) 
k a l - — r — t- — - —i — 7r~r 
cn B (a B ) cr B Os) 

the moments of the directional stability and of the damping 
in yaw with released rudder in the yawing moment equation 
(10) read as 



T c r^ c niBo „ v 9c n B m 8 r «i CO 



I 



7. I.] |v« T ... 



4 



F -[•d.,** y]f*»7 



Thus releasing the rudder generally lowers the damp- 
ing in yaw (9b ) according to the degree of aerodynamic 
•characteristics of the rudder (factor K <■ l) •• The direc- 
tipiia;!' -stability (lb ; is decreased in the- same. measure' -on 
one hand, while on the other, the mass. momenJ.B > of . <the rud- 
der are increased. This is in sensible agreement with 
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Blank's (reference 23) results for longitudinal stability 
with elevator released. Admittedly ,, the contributory ef- 
fect of the mass moment at the elevator depends on the dy- 
namic pressure, that is, on wing loading and flight atti- 
tude, but for the rudder only on the wing loading, since 
there Is no direct interdependence between rudder displace- 
ment and dynamic pressure. The stabilising effect of the 
mass moment may become significant when the rudder, is well 
balanced aero dynamically (positive m Br and small cr B (Ps) 

and the side areas of the airplane are large (c q (T) large). 

As (lb € ) and (9b £ ) contain nothing new compared with 
(lb) and (9b) for fixed rudder, all reference thereto is 
left to the section discussing the stability equations. 
The derivation of the stability equations is the same as 
for the fixed rudder. 



The gen eral stab i lity equati ons _o f d is turbance in yaw . - 
The three equilibrium equations of yaw ^Q) , of yawing mo- 
ments (10), and of rolling moments (11) together form a 
system of equations which gives the stability equations. 
The nethod of resolution is merely indicated so far as def- 
initely necessary for a comprehensive understanding. 

The rate of yaw co y and the rate of roll (t> z in the 
two moment equations follows from the superposition of two 
different rotations each. Their first summand is the time 
rate of change of the position of the plane of symmetry of 
the airplane to the flight path, that is, the rate of 
change of sideslip (t ) for the axis of yaw, the rate of 
change of angle of bank (pL) for the axis of roll. With 
their second summand, they are by way qf path inclination 
q> 0 dependent on the angular velocity y of the e.g. of 
the airplane about the vertical axis, that Is on the ensu- 
ing turn of the airplane. This is readily illustrated by 
visualising the two limit cases: With level flight path 
the airplane yaws In a flat turn; with steep downward path 
the rotation of the airplane in the spiral motion is almost 
exclusively a roll. These relations are expressed In 



Uy = * + i COB <P 0 " 

co x = p. - "Jr sin <Po 



(16) 



Tor this elementary case the rate of Wy and (0 X can then 
fore be replaced by the derivatives of the variables T and 
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. ... i ■ . _ ■■■r i _r.. ro •: 

\i already existent In the differential equations and by 
components , of , .y[ a These three quantities ere .the real di- 
rect ' variables 1 ' of " t^e' yaw. .;. ' ' ' 

... .■■>■!..* % ■■ . ■ ' 1 ■ . , • ■ .■■11. 

/Having Written". (16J '" in. the. equilibrium equations, the 
f'brhal derivation of the stability" equations offers n0th- 
. i&g J1 6'f p&rt lcular" Inter ost.* ; 3ut..'by virtue of the retained 
'■'lat^jffel.. .air,, load, and path" slope the result manifests' a spme- 
f wHat _ jjjrea jer completeness than afforded. by Fuchs and Hopf • s 
'reduction's (reference 6)' without losing on clearness. 

" Table I is : a- survey of "time factors" obtained aftar 
reduction of the dynamic equilibrium equations to pure 

time equations. 

■ » ■ . : ' ." ■ 

The coefficients of the "principal equat ion" . derived 
from the solution formula are: 

B = (k^ + la, ) + s T 
* y 



73 = l T - fcf l Wx )+ £• C08 <p Q _ 1t 8ln <p o ) + 



> (21) 



1 w x u/y *y w x 



I = f [ (3£ T 1™ ~ It) cos <p 0 - 
y y 



' " (\> x K_7 k T l^) Bin <p«j 
(principal qUotaB and decisive sumraands are underscored.) 



•The second may be safely eliminated as time unit without 
untoward effect on the general validity as done by Tuchs 
and Hopf (reference (3). and othors.. 
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■ HTime -ya.ctprB n ,7 0f .Ithe Dynamic Bq\Ultbrium Equations 
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De- 
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!• 
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TT A 1 
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i 
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fa 
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lateral air ''leal 



stability in yaw. 



Damp'ing" in yaw. ;' 



; : 1 ■ 



Tawing 'moment in 
roll 



(5) 

I?) 
(40) 



.-2 



5 1 ability in 
■ " roll- : 



(2) 



.-l 



_i 



Roll.ing moment 
' in yaw , 



Damping in roll 



(3) 
(4a) 
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To insure dynamic at ability for the whole yawing mo- 
tion,. the four coefficients B, C, D, and E and Bonth'e 
dia.cr.imln,ant . 5 = BOD - D 3 - IP-; ^ : :: .aitte-.t =be positive. " This 
condition 'ia readily met with .3.. and C where -the damping 
in'roll (koj^) and yaw , alwaya poaitive in level.- ■ 

i'iight , are decisive, and equally with D where a poai- 
tive value for directional stability (It) ia a primary 
requisite. The condition E > 0 f "f or D ia maintained 
within" two limit b. namely, D^BC (l ' r E/C 3 ) "and 
D £j BE/0. The first boundary tone lies far "beyond the £rac- 
t ileal range of normal flight, while the second, not men- 
tioned a£ all by Puchs and Eop£, la of considerable aerome-.. 
chan leal' aignif icance. With; fulfillment of the stability 
conditions B > 0, C > 0, ;E > 0 the limit B = 0 already 
fails ahort hefore D =0 la reached.. By virtue of this 
relationship, the conditions of;. the dynamic lateral st'a- 
biiity for all normal flight attitudes can be combined in 
the double inequation 

I'D ^ 1 > 0 (22) ■ 

wherein B and C may alwayB be presumed as being positive. 

j ■ 

The stability condition B > 0 is most difficult to 
meet; the whole discussion of lateral stability Is governed 
by it. This condition, first described by Heissner (refer- 
ence 2) on the baalB of purely static equilibrium consider- 
ation and subsequently elaborated on by Gehlen (reference 
4), is unaffected by inertia effects end assumes the Bame 
significance in yaw as the static stability In roll in the 
theory of disturbance in roll. For this reason It is' called 
"static lateral stability." 

III. STATIC LAT3BAL STABILITY 



Among the five generalized stability equations of dis- 
turbance in yaw, the "Btatic lateral stability" (E > 0) ) 
assumes a particular significance. This condition is ex- 
pressed with two principal Bumraands of equal velue but dif- 
ferent signs. Consequently, its numerical value cannot 
manifest very high absolute values and is, moreover, very 
sensitive to email changea in one of ita componenta, so 
that a detailed analysis appears justified as rrell as nec- 
essary. 
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'^flight ra th with B tatlc lateral inst abili ty.- In or- 
-'fi.Br to afford a survey of the procedure for obtaining 

static- lateral stability independent of the mathematical 
'considerations, the course of' disturbance forced under 

the- effect' of " lateral instability is briefly described. 



-Assume • that an airplane flying level experiences from 
any ' cause- of disturbance a. change in bank, say, in the . 
senee of-' a left bank. As the lift resultant continues 'in 
the plana of symmetry of the airplane, a lateral weight 
~£o5hpohent is set up which effects a left sideslip. Because 

off; its directional stability the airplane >ow attempts to 
"turn. left into the latere^, aideslipplng wind', while the 
.-■rate of yaw 1b bounded by the opposing damping in yaw. 
At the- -aam e time there is a rolling moment in yaw, propor- 
tionate to the rate of yaw, which tends to turn the air- 
plane farther into the produced bank, whereas the stabil- 
ity in roll promotes an opposing, that is, right-hand roll- 
ing moment out of the sideslip. With directional insta- 
bility the accelerating moments exoeed the decelerating 
ones. The turn into the sideslip receives not enough damp- 
ing to allow the rolling moment due to stability in roll 
to successfully oppose the growth of the rolling moment 
in yaw* The bank and sideslip continue and the initial 
motion of disturbance develops into a turn with increasing 
bank and path curvature if the pilot, say, when flying 
without turn indicator, does not take timely control ac- 
tion. 

The extent to which thlB so-called "spiral dive 11 may 
actually develop, is impossible to estimate with the meth- 
od for small disturbances applied here. The rolling moment 
in yaw becomes markedly dependent on the bank; the balance 
of the path-normal forces is modified as a result of the 
rise in path curvature, where the now equally disturbed 
rolling moments appear, which also can effect the path 
curvature appreciably. The analysis of combined yaw and 
roll and its equilibrium aspects is extremely complex. 
The first successful attempt in Germany was made by v. Bar- 
anoff and Eopf (reference 9), and still promises to reveal 
much information about the origin and behavior of danger- 
ous . attitudes in. "blind flying." 

But, after all, the unintentional development and the 
initial course of spiral, notion is contingent upon the con- 
dition of static lateral stability. In that respect,' the 
often employed expression of a negative value of the -static 
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^ ffift.o.fo 'of flight attitude and 'a^i fyLC.t.-Gr.al. .fluajit It-lea : 
o n 'tffie' attablllliy equation .- The result of retaining the In- 
itial Path, ,lacl Ina.tlon In .the b ImpJLiiJJ. ad^ equililHctium» equa- 
^%Tas a .'5'B i Va* Va'tii^t w&i'ch Tucha and Hopf. aejpely touched npon-i. 
altrfou'gh^tlt' 1b e'jjp.r.eaaly noted in^JCngi^flh reports (re£err. 
eVc/tf :i2- ajid-' r f 6},. : Static lateral ^taJb'Ulty ■• (35 > 0) ■ 




speed. : \- u 
The practi- 
cal yj^gnlfdcance of th-la fact le -hated to estimate In Its- ' 
5 r it,e^t Bo^.'j.ong' as no flight. t data .-ojr .mathemat leal data about 
thV- f tVt»?QL, effects , lncluslr«:-of climbing, far example* ■ si lp- 
atrpfik. effect , are Qva.ll.ahl^"..inr- eystemat lcally collected 
aptf evaluated form* The exiet.eiic.e of static lateral.: iat a- . 
"b "111 ty. witti' level, flight- path;, (cos q>o.= 1. sin S(>o --0) at 
normal' lifi" j '.c.oeff iciente lSj^ -in any case, indication of '. in-- 
creused^aValJJLc lateral stability for gliding- at the same ■ 
"Bp'e'ed^. ,Xn consequence of. this the closer invest lgat Ion - , mby 

bei-'estrictea. jbp levels f light- " 

:■■>. • .i .i> ■ ■ 

• . . f ■». ■ 

■; Thfc'* insert; ion of the physical quantit.iee- into.- lnequa** 
Vibn' T&5').', which gly es. .the' data of table I , .affords -.a di- 
rect afcryey^, All factors which are consistently/positive 
may^he'Sini'tted.' * Tne advantages of freedom of measure, "be- 
ing here inferior to those of a clear formula, we analyze 
the equation of static lateral stability for level .flight 

in', the fb'rr. of . , " . v.-. 

_ .■■ | • j . 

i £r- c a f M B u "I T .:.. "| 

jp m *o + -J— 575 v) 7 >J |. c % 1 * ♦SfcSu*/] " " 

■ -J »,#-•* 

-[if (l^) 3 -' *] .[«£..- 1 »■+ °i. r » »■] * ° < 2! ? a > 

(Where abbreviated, f M = ^=ri — (18))-. . ■,-'■ ■'■■:(.■<■■.■■ 

■ TT ~A ■ ■ 

The f irst .eummand with positive sign, that is,' s t ah i lining 
.effect,- t*-:t ha .^pro-duct of static stability- in ■foil' (eVjua- 
tiou 2)* -an4 -damp infg .:fn yaw ""('equat ion'^-^bO'-; "-1faV-'eecehd\- neg- 
ative, -that -is, destabilizing anmraand, contains the roll- 
ing effect In yaw (equation (3b) and the static directional 
stability (equation lb). 
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fifficiexft static stability In roll can. only bo ob- 
tained with appropriate, wing design.. The dihedral (v) 
is 'a decisive.- factor. . A similar, Although' Inferior* effect 
"is- -aEff brded "by "the sweepback (contribution .in c mq 0 )» Wind- 
tunnel test data on this subject are scarce and confined 
to plan forms -of constant chord, (reference 17). Systemat- 
ic,, invest lgat ions of other forms (as of trapezoidal wings, 
for - instance.) .are hot known. According to the measurements 
heretofore it 'may- he inferred that, with small dihedral and 
sweepback, the rolling moments increase linearly with the 
sid'eellp so that sweepback and dihedral can, to a certain 
"e^tehV be' mutually changed..* . 

The damping in" yaw comprises the quota of Wing, fuse- 
■la-ge/ and other* parts , which, is less affected by structural 
measui-es and therefore may be assumed, as being practically 
invariable for a stated airplane form and. the largely pre- 
dominating- proportion of the' vertical tail surfaces which 
increases linearly with the vertical tall area and as the 
square of- the length of tail. The ratio of total damping 
in yaw to the cited variable quota Of the vertical tail 
surfaces . 



Cd B " .* * + Ci fl P a l B * C d P b 3 - 

5 = --"T-----.-3- 1 + rr-V-T-T (24) 

c n B y B 1 b c n B T a *a 



may be called the factor of the "relative damping in yaw." 
In order of magnitude, it should be estimated at between 
1.2 and 1,4. 

' The effect of the rolling moment in yaw is, because 
of factor c n , dependent on the flight attitude. With in- 
creasing lift coefficient, that is, decreasing dynamic 
pressure, its rise is approximately linear. There is a 
small balance in the variable normal force distribution, 
whose density in normal flight attitudes with increasing 
lift coefficient usually rises faster at the inside part 
of the wing than at the tips, and as a result of which the 

factor (jj^gy ie- gradually decreased. 

•The increase of rolling moments of a backswept wing in 
yaw should be markedly 'dependent on the profile camber, al- 
though there are no experiments known to confirm it. With 
the conventional wing section, a 1° dihedral corresponds 
to about 2 to 3° sweepback. 
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f; The static directional stability consist? of the 



quota' of the fuselage and that of the vertical tail 
;aUJ*f aces , which readily changes with the area of these 
control . surfaces. The ratio of total directional stabil- 
ity to -the variable vertical tail- surface quota 

,B -"' : J ' ' c istf I V+ c *b Is ?m Bo * * 

— -T— z 1 + -T~T"-— (25) 

--.-x Pnfr- T s Is c n fl 'a l a 

ta'-'cdlied the factor' of the "relative directional stabil- 
ity." With directional instability due to inherently un- 
stable body and Insufficient vertical tail surfaces a < 0; 
"with directional 'stability but unstable body proportion 
0 < O < 1; with directional stability and inherently sta- 
ble fuselage quota a > 1. Considerable practical signif- 
icance attaches to the "relative directional stability" 
insofar as the "static rudder effect," that is, the change 
of a steady sideslip with the rudder deflection (9t/9{J b ), 

is directly proportional to the reciprocal value of the 
relative directional stability. 

Design mea sures for improvin g the Btatlc lateral sta- 
b ility .- The purpose of static lateral stability is to pre- 
vent a minor disturbance from developing in a bank with in- 
creasing or even constant, increased path curvature, and to 
foster a return to the steady, initial attitude with de- 
creasing path curvature. In other words, the curvature 
reducing moments must be augmented and the curvature in- 
creasing moments moderated. Consequently, the means of 
obtaining Btatlc lateral stability are:, good stability In 
roll and high damping in yaw, together with very low roll- 
ing moment in yaw and appropriate static directional sta- 
bility. "*; 

The requisite structural measures become readily ap* 
parent from the Inequation (23a). The first bracketed 
factors on both sides express the -rolling moment effect's' 
which are almost exclusively governed by the wing design-. 
The two second bracketed factors contain the quota of the 
yawing moments, which are almost exclusively contingent 
upon the design of the fuselage and the vert ical tail ' sur- 
faces. The primary requisite in wing design' '^^tflgh't '- 
performance and longitudinal stability. The "extent to" 
which the airplane designer may use' the" wing faction for 
obtaining directional stability, depends . Upon the inaccess-i- 
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bility of other measures. Hence we shall first analyze 
the furtherance of directional stability through Influenc- 
ing the yawing moments and then ascertain how static lat- 
eral stability may be obtained by acting upon the rolling 
moments. 

a) .let ion upon yawing mom ents.- On the stabilising 
side of inequation (23a) we have the damping in yaw, and 
on the destabilizing side, the stability in yaw. 71th (24) 
and (25) , Inequation (23a) can be written as 

One noteworthy fact here is that it is not the absolute 
amount of the directional stability that natters but rath- 
er its relative value with respect to the stability quota 
of the vertical tail surfaces, so that good directional 
stability is not always eo ipso incompatible with the re- 
quirement sor static lateral stability. 

Now we analyze the appropriate measures on fuselage 
and vertical tail surfaces for an airplane whose princi- 
pal dimensions are assumed as given in dosign, model, or 
even in first construction, but which lacks altogether or 
is deficient in lateral stability. 

Tor structurally affecting .the yawing moments, there 
are the rise in cross-wind force and the vertical tail aroa 
( c i • F s) an(i the length of the tail (l 8 )< The aerody- 

8 

namic efficiency of the vertical tall surfaces, propor- 
tionate to the product c^ Q T a , may sensibly be consid- 
ered only as function of its quantity unless its own plan 
form Is also radically modified. 

The magnitude of the vertical tail surfaces is given 
In (L'5a) on the positive side in damping in yaw and on the 
negative Bide in the directional stability. Both effects 
change linearly with the control area; but the directional 
stability contains further the fuselage quota, the damping 
in yaw the wing quota as constant sumiaands. - Enlarging the 
vertical tall surfaces while retaining the' same length of 
tail, increases the lateral stability when 



2Sk 
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>0 (from inequation 23c). 



m Bo * * + °n B *s I. 



This condition 1b met -when (with (34) and (25)) 




the vertical tall surfaces generally result a in lower a tat 
lc lateral stability. This interdependence is explained 
with the varying relative quota of the vertical tail sur- 
tY^aces on' .damping in- yaw and on directional stability* Eow 
ever, if only the fuselage is statically neutral or an un- 
stable fuselage has correspondingly small fin and rudder, 
a noticeable damping In yaw exists nevertheless* . Owing to 
this flead 1 ! of the damping over the stability (noticeable 
even for inherently stable bodies up to the limit a - 6) 
any enlargement of the vertical tail surfaces affects the 
directional stability relatively more than damping in yaw, 
and the result is less lateral stability. 

The absolute directional stability may 7 without harm- 
ing. tn.e lateral stability equation,, .become so much, higher 
a.B the "lead" of the damping over the stabilizing effect 
of .the vertical tail surface change' i*. greater..' From this 
point of view, it is propitious to consider the body quota 
as unstable, then the vertical tail area needed up to neu- 
tral stability supplies (because of its great distance 
from, the- center of gravity) a more effective degree of 
damping than the side area of an inherently stable fuse- 
lage. The factor of the relative directional stability 
which governs the lateral stability, is here always less 
than .1, because even the highest absolute directional sta- 
bility about the unstable fuselage quota ia less than. that 
of the vertical tail surfaces (equation 25)* In that case 
Insufficient lateral stability may occasionally, without 
raising the stability in roll, be Improved by sacrificing 
a considerable portion of directional stability through 
reduction in fin and rudder area* 

Length of tail enterB according to inequation. (23a) . 
the static directional stability linearly, and the -damping 
in yaw, squared* Whichever effect predominates for lat- 
eral stability depends again on the constant quotas of 
wings and fuselage. Lengthening the tail without modify- 
ing the vertical tail surfaces gives a higher lateral sta- 
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"bility when 




This condition 1b met when (with (24) and (25)) 




Consequently, lengthening the tail is not always followed 
"by higher lateral stability. With unstable quota of fu.ee- 
lage toward directional stability (a <& < l) the lateral 

stahllity may appear poorer, which - without modification 
of stability in roll - can only he corrected by simultane- 
ously reducing the area of fin and rudder. Lengthening 
the tail while maintaining directional stability (a) by 
reducing the vertical tail area accordingly, is always fol- 
lowed by improved lateral stability according to inequation 



Lengthening the tail for the purpose of increasing 
lateral as well as directional stability without modifying 
the fin and rudder is successful only when the directional 
stability of the airplane in the initial condition is in 
excess of approximately two thirds of the stabilising tail 
control quota alone (6/2). Otherwise the stability in 
roll must be raised at the same time. 

The effectiveness of the structural measures for fa- 
vorable effect on the yawing- moments was analysed on the 
premises of constant stability quota of fuselage with re- 
spect to the center of gravity of the airplane. On the 
other hand, any enlargement of the vertical tail surfaces 
or lengthening of the tail tends to shift the e.g. toward 
the rear. She center of pressure of the lateral air loads 
without vertical tail surfaces lies usually closely ahead 
or behind the e.g.,' hence its stability quota Is very sen- 
sitive to changes in weight distributions; compared to It 
the insignificant rearward displacement of the center of - 
pressure by lengthening the rear end of the fuselage is of 
secondary importance. In any case, it should be remem- 
bered that structural measures for influencing the yawing 
moments will 'not bring the anticipated .results, unless the 
ensuing weight displacements are carefully analysed. 

b) Influencing the r o lling mo m ents .- The two rolling 
moments in (23a) contain the aepect ratio of the wing as 



(23b) . 
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the only common design quantity.. The moment of the sta- 
bility in roll grows linearly with thej'jring;. span, that" is, 
as the square of the aspect ratio. Contrariwise , the roll- 
ing moment in yaw increases as the square of the span, 
that ie'. ■ linearly-, with the aspect^, rat.io, -, Consequently, 
the enlargement of the aspect ratio vitiates the static 
lateral stability. To be sure, -the concurrent rise of 
fy and 8 on the stabilizing side (23b) moderates this 
disadvantage to a certain degree. 

other effective relations- of structural nature do not 
exist- between the two rolling "-moments . Lateral stability 
ip deci-dejdly affected by the, dihedral , whereas the rolling 
jBO^en/t-iin yaw is governed by, the momentarily existent nQr- 
malr force coefficient, that £.s, the attitude of flight. 

The static lateral stability is linearly decreased 
,'wlthi increasing lift coefficient as a result of the roll-' 
ihg moment in yaw, consequently behaves utterly unlike the 
approximately constant and rather increasing longitudinal 
stability at higher lift coefficients. This fact imposes 
a certain limitation of the requirement for static lateral 
stability bo long as no means' are found for count erecting 
the r'.ise. of .yowling .moment in yaw with the lift coeffi- 
cient. Until such 'time, a neutral stability limit at 
around the lift' coefficient of best gliding ratio and a 
minor Instability at higher lift coefficients will have 
to be considered as satisfactory. 

The drop of static lateral stability with increasing 
lift coefficient can be closely restricted by influencing . 
the Bpanwlse lift distribution. The most conventional 
method is -to twlBt the wing (reduction of (i n /b/2). But 
the . disadvantage of this method usually is its vitiating 

-.effect on the induced wing drag, bo that Its effectiveness 
1b .at. the expense of poorer performance - In flight. For 

■taper.ed wings without geometrical twist the rolling moments 
in yaw are already lower than for the rectangular wing, al- 
though twisting would not be very effective. Consequently , 
tapered wings without twist are accordingly about equiva- 
lent .fco rectangular wings with moderate twist.- 

■ The. principal condition of lateral stability , compared 
to whj.ch all attempts at influencing the -.yawing moments and 
the rolling moments in yaw are no more than auxiliary meas- 
ures., ,. is ample lateral (roll) stability.- Only. through it 
together, with damping in yaw - always positivS' dermal. 



tf.A.-C .A. Technical Memorandum. Ho!- -741 



31 



flight - can the stabilizing left .side 'of .jLn'aquation (23a) 
retain its nepesBary predominance. There" Is:- no other prac- 
'tical way, aa'tTie direct lonal stability, On the right-hand 
side should also always have pos-itive ■sigfru 

Tha.t the dihedral 1b the most, effect lye. way of obtain- 
ing any "static lateral (roll) stability', has been known 
since the hag inning, of aviation*. , TIxa ainoun^ of dihedral 
necessary for static roll stability 1b 



according- "to inequation (J33b) .. ■ .. 

• 

One- method f-requently -resorted .to;- is to fit a 'straight 
center- section, usually i-ect angular," to the" dihedrally- ar- 
rangod wing tips. 'The- effect It en ess of this method -is simi- 
lar to- th-'a— 8-tatic eff eat'lv-amess of- a'ilerons of less than 
-semispan length . (refie ! rance-..22)... 1 The center 'section span 
b^ is very seldom in excess of one fourth of the .total 
span b; within thiB limit the stability quota of the di- 
hedral varies in -close approx-lnfatiori as the factor 

£l - » ' which -.i-B' "amply &uff lcie'nt for design calcu- 

lations'. 



reached with a rectangular, twisted wing and elliptical 
lift distribution whe.re .the form ratio approaches one half. 
The upper limit can be reached, -by a tapered 'wing with no- 
.t iceable ■ lif t distribution disturbance, in the. .center at . 
About three fourths form. 'ratio. For cursory calculations 
the va.l»e two thirds valid- fo : r a rectangular wing with 
rectangular lift distribution, can be considered, as a- .sat- 
isfactory average. It even affordB ample security when 
the l-i-f.t distribution in the 'center -is held to a'.minlmum 
of disturbance. ' Putting in'that case Ca n f if w c a and. 
■u 1 

—j— = =■ gives the approximation formula 




(26a) 



. " t 
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J«. -3 i O . i .... 
..3 Cn 1.6 * Cm <lo 
.£"r- (in radians) " (26b) 



' K fiit' : thij' special ■ case of ^ '= 1, e£ =0 and = 0, it 

agf 'e«* : wit£ 'Be-issner 1 b formula of 1910 (reference 2). 

The lateral stability quota to the whole arrangement 
of tho wing without dihedral ( c mq- : ) 18 probably positive 

^ih-'moat cases. - -It comprises a number of mathematically 
intractable single effects in addition to that of the swoep- 
back. According 'to German and foreign wind-tunnel tests 
(reference 17) even wings without dihedral and sweepback 
experience minor rolling moments in yaw, especially at 
higher angles of attack. Besides, the rolling moments of 
the wing are affected by the fuselage and in sideslipping, 
the vertical tail surfaces likewise generate rolling mo- 
laenis. In special designs (as of seaplanes, for instance), 
floats under the center of gravity, engine nacelles above 
the center of gravity, etc*, may also contribute substan- 
tially. 

In this connection, the effect of sweepback merits 
particular attention. Although being narrowly confined, 
because of the longitudinal stability .requirement's, the 
sweepback is always desired for lateral stability i ■•' A 
change in sweepback 1b often followed by a shift of" the 
center of gravity in the same direction, so that the di- 
rectional stability changes also. Therefore the total 
effect on the lateral stability can - as when Influencing 
tho yawing moments - only be estimated with due allowance 
for eventual weight displacements. 

Stati c l at eral stability with released rudde-y . - The 
release of the rudder effects n change in static direction- 
al stability and damping in yaw.- (See soction II, page 16, 
last paragraph.) Hence (lb e ) and (Sb e ) can be inserted in 
(23a) in place of (lb) and (9b). The static lp.teral sta- 
bility 1b increased when 

c «*sn + C *s K J * l £ °i 8 n + p i 8 ( K + m s r E)* B l a 



o 



c d Fb a + oJ B I 1 ,, l s 3 c^ 3Pb + o' J.l. 
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where (for reasons of clearness) 

T 



£ = 



° r s ^ B .\i:° n s. (( ??).;- - 



It- is readily- ascertained- in' two- specif ic pases wheth 
er the release of ' the- rudder*-'- increases :or. decreases the ■- 
static lateral stability. Then the luass effect of the rud 
der is ■ hegiigibly'-smtfll' the- riele&Be.'Of the rudder, normally 
ficts-as-a reduction iu ! vertical'tailuarea (k<1) from. 
T a to K v J- s "j consequently^ the -s.ta* ic . lateral stability , be 

cdiaes!.usual5.y . ? (d'ii.p^ .'. ' Be^t'ipn ' III',' 'page 27) greater ■ 
than, w'itja, locked; rudder 1 . frh'dn 1 the fuselage quota to the " 
statip ^"jtrectipnAi 'stahi^i'ty- is" neutrally stahle, the mass 
effect 'of the. rudde'T' may "become" mftre evident.- In that ■ 
' caij.e , ' tj^fe above generalised' equations should ascertain any 
.increase In ptatic lateral stability' when' (in conjunction 
Tri'th (24) and the' K' 1 values derived from' (1-4) 



*T> ■ .6". (T) 
. : . . > .... 

" . ' ■. , . - . 

Thus.- it i-s- seen that the mass effect .of. the rudder may oc- 
casionally-: .have alBO- a ■ desta hi 1 laving.". effect , especially 
when the rudder is aerodynamically well balanced' (op B (a B ) 

small.):* . ■ - .- ...... 

• ■ " ■ 

.The difference in lateral stability, with released and 
locked rudder can therefore be influenced by appropriate 
proportioning of air load and mass balance. The air-load 
balances 'Dan be ..obta.'lu.ed ..ijj. the u^ual manner on; ^the- ^rudder 
direct or with an auxiliary surface suitably connected kin 
ematically with the principal rudder. The balance of the 
mass" mora'eh.tB .always- pr/QiBO.tes .'lateral stability... .. .;.Ey en an 

11 overbalance" for .reversing the : mass .mom,ent a ,pay .ba advan- 
tageous if -not involving . other difficulties* . TThereas no 
great . accuracy attends any .preliminary | computation of the 
effects, this -analysis -Bhould. at any rate -.-pro ye o,£ usp/in 
the application and effectiveness *of 'structural measures 
toward : improving the. ...lateral stability .of ,an airplane 

with released rudder* 

Static lateral stabili ty in power flight.- lor the 
'present ' the'-slipstreaffl fif f epfes ' on t tjhe rolling and yawing 
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moments can only "be estimated in direct ion .and order of 
magnitude beoauae of the lack of reliable measurements. 

Compared to gliding flight, the type of equilibrium 
condition changes in power flight.- But the asymmetries 
due to engine torque and slipstream turbulence oan be dis- 
regarded at first in the stability analysis. 

The increased mean flow velocity in the slipstream 
relative to the flight speed is with the conventional en- 
gine installations principally effective on the vertical 
tail surfaces and thus affects the directional stability 
and the damping in yaw. With equilibrium disturbances 
the change in angle of air flow corresponds on the verti- 
cal tall surfaces to the ratio of rate of sideslip to for- 
ward speed with respect to the propeller slipstream. ThiB 
ratio is smaller with power on than with power off. On 
the other hand, there is a higher mean dynamic pressure on 
the vertical tail surfaces, corresponding to the square of 
the relative speed increase in the propeller slipstream. 
Altogether, then, the effect on the lateral stability with 
power on should not be unlike that on vertical tail sur- 
faces enlarged approximately in ratio of mean propeller 
slipstream velocity to flying speed. Tor equal forward 
speed the airplane Bhould, in general, therefore, appear 
less statically stable laterally than in gliding. 

The extent to which these conclusions correspond for 
the different structural designs and power-plant installa- 
tions, must be decided in flight tests for each case. 



IT. TEE BOUJDABIES OP DTHAMIC LATERAL STABILITY 



Although being the most important, static lateral sta- 
bility is not the sole sufficing condition for dynamic 
lateral stability. The derivation of the stability condi- 
tions (section II, page 19) shows them to be five in num- 
ber. Three ( B > 0 , 0 > 0, and 35 > 0) must be met inde- 
pendently from each other, while the other two (D > 0. and 
H > 0) mutually bound each other and may be combined into 



The first two conditions (B > 0 and C > 0) require 
principally po-sltive damping in roll and in yaw. They are 




3J-.A. <J'-,A .■ tf'e ch'nl'c al Memorah-aW Kb'-; ' 7 41 



35 



fulf ill"eaV in-normal- -f light-' and also'' ' 'a 't ' hl^eT angles of 
attack As far As thV- Validity raugeVf '"small ' oscillations 
extends at ail-\ so' : in '■this - case their-' impo-'ftanbe as' stabil- 
ity boundaries is negligible. nevertheless , it should be 
remembered that all - ■stability condltlon-s^'can "be damaged si 
multa'neously when' the &'amp'ln-'g in ' roll "beec'meB negative (in- 
tensified In Btalllag^-i' 1 A- disturbance-' during; such an; un- 
stable equilibrium. condition- is followed' by incipient; spin 
ning. Complete loss of damping in yaw Is hardly to-'b'e' ex- 
pected in airplanes of conventional design, .while Its. ex- 
tent as concerns "■ tailless types , due : t^ neg?it ive tangen-^ 
tial loads at high : angle b'-' of 'at tack,'.- mtLB-6 'he" left to fu-* 
ture model and flight test's! - ' !' J 

In most instances, the "static lateral stability 11 
(B > 0) suffices to insure also the ' dynkffllc stability, . 
■The first part of the double inequation (22) represents, - 
however, a superior limit D > E^ *#hieh may become 

practically important under stated conditions. . This bound 

ary . .■-..■:-'■.• 

roughly approximated from (21), 'consistently approaches j 
lower values as the values of ^damping and stability in yaw 
and roll become less. ' Littl e "damping and. decrees ing pitch 
ing stability are anticipated' except gt'.high angles of at- 
tack when the wing shows signs' of separation of flow and' 
negative tangential 'loads and the -vert ical tail surfaces', 
appear blanketed'; eontrariwlB.e, there la ' el'lways Insuffi- 
cient directional s'ta'hility when the fin 'and rudder are 
too small, irrespective ' of the' flight attitude. 

Dynamic Btahility D > prevails' so long as, 

according to (27;). and (21), trhe condition. 1 

i ■ ■■ ' ' ■■ » 

'■ ..' •■."'i T " > r*r (28) 

T £ y ■ 

^x + v' 

is not Infringed upon. 



The yawing moment in roll ( I,', ) being neither notic 
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airly .negative nor. van 1 shingly* small In 1 normal, flight-, an- 
-.expj-va-aBied- positive directional - , stability is the most efr- - 
f.jbctlva- a-esurance. against dynamic lateral ins.tabil ity. .. 

r jjrv^aJttrther diacussion of thia atahllity condition* la- - ■ 
-prefaced hy a report on an American flying "boat {ref erj&nce 

lt&) ,.; where in the Unstable oscillations occur ring- -within' ■* 
.£hAsj .boundary tone of dynamic .-stability , are- .graphical ly~- 
.^esiwibeit -r •. - ... . i." 

i 1 .' The. flying boat waa deaigned for- tha.-speclf ic purv: 
poe\e ,o.f experimenting with- lateral contr.o&labil ity , ■ the- -t 
object being to develop the airplane 1 which amateur pilot* 
of little experience could use safely. 

, . "J 1 or . the first flight a it wap- rigged- with a 6° dihedral 
and, with a* vertical tail surface of .1.. 82" m 3 ■ ( 19 . 6 Bq» f ti) . 
It became Immediately' apparent , however »: that . Bueh-a-- rig« 
glng produced the instability - class if iod„ pa- .'unstable ps-r 
cilla't-lcnB. 1 It was neceBBary'to control the boat'all. . 
the time by the rudder in order to fly on a straight line, 
^hen all the controlB were held, in neutral position at 
about cruising speed, the generation-: and mechanics of the 
oacillationa became quite evident. The boat was observed 
to. dev^a^e. from... the straight cour.se, banking,;- more rapidly 
than- turning, until i,t ■ o.verbanked and sideslipped*: Then; 
it- leveled out rather , briskly and banked to another aide,- 
.'.r ep-?ali'ing the cycle,, .-T,he flight consisted of ;:•£.[ fiierl*B- of 
turns alternatively -,tp. the right e,nd to- the l#f t', ; .appar- :• 
eut^y-: quite steady; and persistent, without- any.-: tendency . „-. 
either t? inoreaa.e: or. die ou.t>*' The -bank*, reached about - 
30°. Average direction of, the flight waa ma in-talned quite 
well, and while, making these' turns the- airplane, felt., stead- 
ier and more secure than in normal flight with its odd 
tendency- to . hunt lng. 

"Jot the next oxperiment the dihedral -was " reduced to 
3 , the boat not being changed in any -other way. It was 
found that it behaved tfuch' better but" not realAjwell yet. 
. . .'. The oscillations were much more gentle, the bank on 
each turn not increasing, beyond 2-0 . It was evident that 



♦According, to this the term "unstable .oscilla^on" commonly 
used in Engl ish- speaking countries is unintelligible, at 
least so far as . tbiB ,-type of motion is concerned* 
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Instability vag mudh : loss pTbnbuneod," bu'V at ill remained 
of? the same type - 'uns-table^ oscillation's. 1 

•Tor a third experiment .the" vertical fin* and rudder 
w.erer changed, increasing the' vertical tail, area from 1.82 
m a .(ia*fi. eq-.ft'.) to 2.58 m 3 (:2*7.8 sq.ft.). The dihedral' 
remained the same and the boat itBelf was not changed in . 
any way. The airplane waB found to he very good on lateral 
controls and was flown for several hours in. this condition. 
The use: of ail.erona and of the rudder'' was< fried on very 
flat - glides and they 1 were found to he' 'quite effective at 
low. speed..- This ia particularly interesting because while 
the airplane had 'unstable' rigging-, several pilot b com- 
plained of very weajc controls. It proves that it is un- 
advisable to pass Judgment on controls %'ntil the lateral 
stability is properly adjusted." 

The generation of the thus described "unstable oscil- 
lations 11 is also described by Oehlen (reference 4). The 
principal stability equation usually contains two real 
roots which mainly describe the aperiodic roll (damping in 
roll) and the aperiodic yaw (static lateral stability). 
The other two roots are mostly conjugated' complex and de- 
fine a damped oscillation in yaw contained within the' yaw, 
caused by the static directional stability. Then, when 
the directional stability reaches a stated lower limit set 
by the damping in yaw, the yaw becomes aperiodic. Upon 
further decrease in directional stability the double root 
of the yawing motion resolves and a new conjugated complex 
pair of roots may form apart from the now real root of the 
aperiodic yawing motion. The pair of roots absorbs the 
hitherto aperiodic yawing moments and then appears as "un- 
stable oscillation." - The center of pressure oscillation 
may at first be dynamically stable. Not until further de- 
crease in directional stability is the stability boundary 

D w 1 e reached. The stable range of the unstable oscll- 

■0 

latlon Is very small. Since the damping in it 1b vanlsh- 
lngly small, Its appearance-.ln, flight .is already felt as 
start of dynamic instability*. 

The generation of unstable oscillations is practically 
impossible so long as the. strongly damped yawing oscilla- 
tion refrains from becoming aperiodic. .The necessary con- 
dition for this is in first approximation l T > i 1%^ and 

gives as boundary a relative directional stability of the 
order of magnitude bf- ; & « . . j ' such low values, 
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possihle only wifo unstahle 'fu'aelage proportion',' already 
pr^etlo.a}lx ijadiqatq... neutral directional stability. ., With 
lQcfe'ed 'riidqey "fhe" dlr qctional ^itfkMlfty is .'■'mqr'ebvar , most- 
ly '^hqv-e i t£a|. 'hb'un^ry "r^ngp, "aithbugh f t/..;may/ fcyr'eie^e" tng 
t^e rnSd^^.drqp 'd^aaionally '^p* endiigh to "permit ,'unatahjfe 
.a'BQj.ilajiI?"ne.rt6. . appear^ f sp, fcftat, the rudder must he held'' 
.agajn^Th^j^ Unknown in pract icdl ' flight . 

'''&^rd|reo : iiQival^stft^ility. is - simllar'to the .^o'^i-t 
. ndinal ..sfe'aj&ll ity ' ^ , r appr ec lahly affected hy the poSitlqii,: 
" of ,.the„oenter .-pit gravity; it drops when. the e.g.' .shifts 0 : 
to, .the". "rear." . .In' mpelf .forward positions .with max iflnim diiec- 
tiq^ai^stahility^ .'the.Btetic' lat.eral 'atahility is Ipw^S'f; 1 
and" nooinstahl'e oscillations are anticipated. With' rearf 
ward position of the center of gravity,' the static ' 2ater.nl 
stahility.. increases, hat then there is a pqsaihillty that 
"vanishing directional stahility may produce unatahle Os- 
cillations, _ ' ; 

, However, for an airplane which is direct ltfnaii'y'' sta* 
hie with rudder released' in;;ali possihle'' center- of- gravity 
poait^on^ the static' lat oral ' ptah'lllty . is ' tfie'' only bound- 
•ary b f- the ; dynamic lateral- stability' reim'iring particular 
attention*;''" ■", " -a ■ . - .■ ?■ v " ■ « ■- " 

.<■■ n ...'yi t .^gjg USB- OF WiffD-TUSSEL TESTS' TOH " '■■ 

■ ■: ■ =:. ; :■} . .. . r- ■ : ; •. . 

■■' r =■ t '■.>■- 'it^.T£RAli STABILITY COMPUTAilOlTS 

v :»■■:■■. u ■ ■ . ■ ■. ■■<■■ ■ 1 . : , • 

.'■.*■■:.::* j .■ .■ . '■ ■ ■• * ■ ■ '" ■■' ■ ■ • ■■ •■ ■ 

} ' Th$! w ind^ tunnel tests which the airplane designer may 
use" fg'*^ preliminary lateral stahility analysis, fall into 
'two; group's 5 . ; the determination of the force and moment 1 co- 
efficients on models suspended in the wind tunnel, and the 
determination' of the rotation factors of models which aire 
free to rotate in the wind tunnel. The. conventional .'6-s . , 
component measurements fall in the first category. Their 
chief advantages are simplicity and inezpensivehess , hut' 
they afford only approximations as to the rotation effects 
on the free- ftirplanev The second m-ejbhqd is. particularly 
developed .in -.England . It entails, considerable .axp-ense. In 
suspension and test equipment and paper' work, hutn.lt uau- 
.aily af fiords yer.y, satisfactory results .(Tejf^rence; 2Q):»- ■ 

V i- 

'ThV Wir^lk'ne tTe'slgheV, especially in G-ermeny'-, ' fs 'a : s a 
rule only "concerned with the first type of w in d- tunnel '' 
tes.tB, whether as hasis or for checking a new design. The 
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matheigatlcal .-and the . empirical data avail a.'ble her.etoforre 
are"*'qui*,e scarce,' .'largely unpublished^ and not as .easily 
transferable .a'B in longitudinal stability; investigations. 
1b a result' v "it sometimes happen a. that new designs must 
he specially examined for each case without reliable com- 
pa.rable st.and.ar da until, clear e.mpi.r.ical principles have 
"B^jfifn :fj prtoulat ed for the design and the safe employment, of 
available,, test data. 

.L "■. O ". :j '.■>.. . 
_ ■- A -J -. • ■ - - 

OJtte correct _ interpretation of 6-. component measUr"em.ea^t.s 
^tf'M^fgjj 'and, if necessary, to design modifications, 
.eaiW '.f or' a "brief, survey of the contributions of - the most 
i ¥mpoVt , dut : structural parts to the forces a^.d .moments on/;' 
the complete airplane. Because of the mutual inte'rf or- 1 ' 
encq .between wing, "body, and control surface the mathemat- 
ical' development from single summanda is useful only in.-. 
ve'r.y rough approximation, and leaves many ' sour.c as of err.o.r 
"out of consideration. ' The resolution in difference meas- 
urements is far more expedient since, if correctly ar- 
ranged, they not only Include most sources of error in 
tine 'effect hut also permit detection at the source and 
thus offer an incentive to improved forms. 

Tor the measurements- defining the forces- and moments 
in yaw the. airplane model in .its main form - size of wing, 
plan form, body shape, tali arrangement - may- be considered 
fixed, once the design has advanced to the 'measuring stage. 
Tor defining the yawing and rolling moment's, the size o-f , 
fin and rudder and of the dihedral may, if necessary, be 
left open. Changeability of fin and rudder is readily In- 
sured on the model; changeability of dihedral requires a. 
divided model wing and soma means of adjusting which, how- 
ever, is also quite easy. . 

A model of the hitherto conventional elementary, design, 
that is, with detachable fin and rudder, and a' one-pi,ece ,. 
rigid wing, requires at' least two sets of 6- component meas- 
urements fox a survey: those on the complete model, and * 
those without vertical tail surfaces. The first give, -jaaide 
from the static rolling moments, the total absolute d^rtjffo*- 
tional stability - (c m _); the second give the quota of, :fu.s.e- 

lage, wing, and other structural components to 'the- static 
yawing moment """("c"_ The .diff erence of -both i s -a- -ertte*- 

■ fl ° . . ■ ■ -..''.:. v. 

ripn for the. moment contribution of -the vertical - tail sur- 
faces and 3,ts ; . eff ect under the influence of the -other 
structural part's. In this manner, it affords a more exact 
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dtffftJftfi'on of the relative' directional stability (equa- 
t£cW a ZP5) which governs the lateral stability, than the' 
ma-'tlie'nfa'tical determinatlbn from form, Blze, and position 
of the vertical tail -'surfaces. 

" 'All the data riec'essary for the production of any sta- 
bility condition can be obtained on a model with variable 
vertical tail surfaces and variable dihedral. The roll - 
stability without dihedral and its increase with the di- 
T tfe'ffr"af 'a ! ii|le ,1s :6n'e* "Important factor therein* An airplane 
deaigfii'.w^f'fih "af te : r/"i£ind- tunnel tests Is unsatisfactory " : 
ifi -ft e'-'or ii'lnVi form pan thus he comparatively easilyand 
sa^ly v i56d'|#is4. : 

~ J " '■■^Th'e interpretation' Of the test' data for the evalua-'. 
tiffn of -the anticipated ; iateral stability, must f irst \6i/ 
^ll'attest to the fulfillment of the two simple conditions 



c m 8 *> 



(29) 



for -the extreme rear positions of the center of gravity 
.provided In the~deBign. In addition, the ratio of the sta- 
bility In- yaw.«and roll must' meet the condition according 
uto inequation (23a) or (23b). Transformed for the present 

purpose* it stipulates that 

... ' f ' ■ ■'....■ 

C *q 1 An \ a ■ o n ' -' 

cr^'swt) — ~t*~z (soa) 

Here the increase of damping in yaw due to wing and 
fuselage (6 > l) may be estimated or else disregarded 
altogether (6 w l) as safety margin. The form factor 
1 \ 3 

— 1 , representative of the spanwlse normal -force dis- 
rabution, as criterion for the geometric monlent of In- 
ertia of the normal force distribution figure ''('see section 
II, page 10), is also readily estimated af^er. the wing 
has. been designed. In the majority of cases .-It lies be- 
tween l/4 ... l/3. The anticipated lateral stability 
can accordingly be estimated within the degrees 'of accu- : 
racy .obtainable in- wind-tunnel tests when. putting 

i- f^M-S i K 1 . Then the condition assumes the following 

2 Vb/27 fi 8 



H»A.jO,'A; -Technical Memorandum" "STo.".' "7"41 



41 



naf."? c m B 8 / » ' "l' 1 ' ■ v *V 



t 

*»' f -'" : ■ ' ' -' 7^^ r J — r^—r^:^ ; "" .(.30b) 

\i' more accurate, allowance for^- factors ana 8' 

Jlfl, superfluous except in deo-idedjty * special cases. 

.....If a., model, after the "f Irst -'test results, does not 
raoyt oondition ( 30a) , .. the necessary enlargement of dihedral 
(^ V'V . is .readily est imat ed laccording to equation (26a) or' 

(26b) when substituting the measured quantity a — 
i 

. c .m 8 .... 

T —f- — ' — t. — " for the relative .directional stability and the 
° m s " c *b 0 

measured rolling moment .increase c m for the roll sta- 
bility (c' ). ' .. q 
*o 

The form of the inequations (30) itself again attests 
the importance;, of .t-bre relative directional stability (a = 

°°s \ 

. over the absolute directional stability as 

c m_ " c m. J ' 

B Sq 

concerns the lateral " stability. The more pronouncedly un- 
stable the model without fin and rudder is ( c m < 0) , 

"Bq 

the more readily condition (30) may be met. A'limit is 
set by the feasibility of designing vertical tall surfaces 
of a size large enough to assure ample absolute direction- 
al stability. In accordance with practical experience the 
value a w l/3 represents a minimum which should never be 
passed by commercial airplanes for reasons of safety. 



The theoretical treatment of lateral stability is as 
old as aviation Itself. The formulas of Ferber (1905) in 
Trance, Seimler (1910) In Germany, and Bothezat (1911) in 
Trance, contain omissions or erroneous assumptions. about 
the aerodynamic momenta due to- the rate of rotations, thus 
leading to partly errOneouB, partly incomplete results 
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(details In reference 4). The first comprehensive reports 
on lateral motion with clear res-alts are 'those of Heiasner 
(references 1 and 2), find of Bryan .£ refer en ce 3), which- 
became the basis of all subsequent 'developments. Then 
came Oehlen (1912) with- his systematic treatise of the 
whole lateral stability problem; his doctor's thesis on 
Holiest ability and Lateral.- Oxmi.-r.o-r of Airplanes (reference 
4) is a survey of (greatest de.ta.ll and technico-physical 
clearness', and which even" 1 " t'o'day" mer it s unrestricted recog- 
nition.. The further devel.pp.picent and the inclusion of these 
p ioneer "efforts' in the complied works of. Bairstow (refer-., 
ence 5) In England,' and' jraiche . .and JTopf ( reference 6) in. . \ 
Germany, may be. considered as the end of the first stage 
of development. ■ .) 

Subseq.uent.ly Germany contributed various mathematical 
treatises (references 8, 9. and 10) on the generalization" 
of the stability theory, whilo England received a much 
stronger Impetus to further progress. as a result of a mul- 
titude of wind- tunnel' and flight tests. This accounts fb-r 
the plentiful material published in the English periodi- 
cals In the last- few years.. At present, the safety re- 
quirements, for "blind flying" appear to bring the dlBcus-. 
sIoub on lateral 'stability into the foreground again. 
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